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These clinical data suggest that either LGM or RGM was a common occurrence during stent deployment ( 2 ⁄3 of the time) and led to a significantly higher risk for restenosis, target-lesion revascularization (TLR), MI, and stent thrombosis. The mechanism for the higher clinical event rates, however, remains unclear.
The objective of the current study was to investigate the potential underlying biomechanical mechanism for the higher rate of adverse events. Our hypothesis is that stent deployment with GM (LGM or RGM) results in unfavorable fluid WSS, WSSG, OSI, and solid intramural circumferential wall stress (CWS), which may lead to higher clinical adverse effects. GM may also cause higher stresses in the stent struts, potentially lead to stent fractures.
METHODS
Three-dimensional (3-D) computational models of stents and plaque were created in Pro/Engineer (Needham, MA) which is a computerassisted design package. The models were then interfaced, meshed, and solved in validated finite element and computational fluid dynamic package ANSYS (Canonsburg, PA). The stent geometry simulated was a design with the general pattern similar to that of commercial stents (Boston Scientific Taxus and Johnson & Johnson Cypher). Because of the circumferential symmetry of the stent and plaque, quarter symmetry models were developed to reduce computational costs. The stent diameter and length modeled were 3 mm and 5 mm, respectively. About 1.8 million mesh elements were used in the simulations. A mesh convergence test showed that doubling the number of elements resulted in only Ͻ2% difference in wall stress. Hence, the mesh density was deemed sufficient for the simulations.
The governing equations for blood are the Navier-Stokes (conservation of momentum) and Continuity equations (conservation of mass) (6); namely:
where V is blood velocity, t is time, P is blood pressure, is blood mass density, is blood dynamic viscosity, ٌ ¡ is the gradient operator, and D is the blood rate of deformation tensor.
The governing equations for the stent and plaque were the Momentum and Equilibrium equations (7) (i.e., Newton's laws of Mechanics):
where a i is acceleration, fi is force per unit mass, s ⍀(t) is the vessel domain at time t, nj is normal vector, ti is surface traction vector, and ij is stress. The plaque was modeled as calcified tissue with material properties on the basis of reports by Ebenstein et al. (14) where nanoindentation was used to measure plaque mechanical properties. The average modulus for calcified plaque was about 180 MPa, and the stent was considered as stainless steel with the Poisson ratio of 0.3 (14) .
For blood, a non-Newtonian Carreau model was used to account for the shear thinning behavior of blood (6, 8) . The model has been known to accurately describe the behavior of red blood cell suspensions and the viscosity matched closely with experimental measurements (10) . The density of the blood was taken as 1,060 kg/m 3 . The blood was modeled as incompressible with flow on the basis of human left coronary artery velocity measurements applied at the inlet of vessel (3) . For the outlet of the vessels, a traction-free boundary condition was imposed (33) . At the wall interface, no slip was assumed between blood and the endothelium, and the vessel wall was considered to be impermeable. The mathematical definitions of WSS, WSSG, and OSI were detailed in previous publications (4, 8) . The differences among WSS, WSSG, and OSI were compared in centered and GM stents and in correct and oversized stents. Oversized stents (10% and 20%) were modeled because these are likely the more common interventional scenarios.
The dynamic process of stent deployment was modeled by a linear displacement-driven time function imposed on the struts to expand the stent to the desired size. The stent struts interact and deform the vessel wall by the Augmented Lagrangian contact algorithm. Penetration between the stent and vessel elements was not allowed by the contact algorithm. If penetration was detected, the overlapping elements were returned to their positions at the previous time step. A large deformation analysis was performed and solved using a Newton-Raphson's method. To model interactions between specific model portions, contact surfaces were introduced. The artery was constrained in the proximal and distal sections to prevent rotations and the stent was constrained to allow radial displacements.
RESULTS
A large deformation simulation of the dynamic stenting plaque process is shown in Fig. 1 . The dynamic process of stent deployment was simulated to obtain accurate stress distribution resulting from the process of struts radially deforming the plaque. The stress distributions are compared between a correctly centered stent and LGM (Fig. 2, A and B) , with the plaque labeled. A stent deployed with LGM resulted in a 45% increase in wall stress compared with a stent that was centered and fully covered the lesion (2.2 MPa vs. 1.5 MPa), as shown in Fig. 2C . As expected, the CWS was highest at the contact region between the plaque and stent. The percentages of plaque area with stress Ͼ1 MPa were 24% vs. 16% for LGM and centered stents, respectively (Fig. 2D ). The effects of RGM (stent oversizing) are shown in Fig. 3 for correct sized, and 10% and 20% oversizing in the presence of LGM. CWS was highest at the contact region between the plaque and stent. The 20% oversizing resulted in about 41% and 72% increases in CWS compared with 10% oversizing and correct sizing (3.8 vs.
2.7 and 2.2 MPa, respectively), as shown in Fig. 3C . The differences between 10% and 20% were incremental because even with 10% oversizing, the plaque was already pushed much beyond the unstented configuration. The percentages of plaque area with stress Ͼ1 MPa were 24%, 37%, and 62% for correct sized, and 10% and 20% oversized stents, respectively (Fig. 3D) .
The stress distributions on the stent struts for 20% oversizing and correct sizing in the presence of LGM are shown in Figure  4 , A and B, respectively. The stresses concentrate at the struts in contact with plaque (dash circled in Fig. 4, A and B) . The linkages between the struts have the highest stress of about 180 MPa in RGM, likely due to a much smaller area for stress distribution on the links compared with struts (Fig. 4A ). Therefore the links are more vulnerable to fracture, which can cause protrusion and perforation of the plaque. The stress concentrations are highlighted in dashed circles. The highest stress without RGM was only about 80 MPa (Fig. 4C) .
WSS at the stented region and around the plaque (labeled by arrows) were lower for LGM compared with non-LGM (8. 5D ). OSI also increased at the stented region and around the plaque for LGM (3.5% vs. 2.6% and 10.4% vs. 7.8%, respectively; Fig. 5E ). Fig. 3 . Effects of radial geographical miss or stent oversizing: 10% oversizing (A) and 20% oversizing (B). The plaque is labeled. C: 20% oversizing resulted in about 40% and 73% increases in wall stress compared with 10% oversizing and correct sizing (3.8 vs. 2.7 and 2.2 MPa for 20% increase, 10% increase, and correct sizing, respectively); oversizing was for stenting with LGM. D: % of plaque area with stress Ͼ1 MPa (24%, 37%, and 62% for correct sized, and 10% and 20% oversized stents, respectively).
WSS at the stented region and around the plaque (labeled by arrows) were lower for RGM (20% oversizing) compared with correct size stent (5.6 vs. 8.2 dyn/cm 2 , and 2.4 vs. 3.8 dyn/cm 2 , respectively; Fig. 6 , A-C). This is due to the increase in lumen diameter that results in lower blood WSS. WSSG measures at the stented region and around the plaque were higher for RGM compared with correct size stent (68 vs. 61 dyn/cm 3 , and 36 vs. 32 dyn/cm 3 , respectively; Fig. 6D ). OSI also increased at the stented region and around the plaque for RGM (4.2% vs. 2.6%, and 14.3% vs. 7.8%, respectively; Fig. 6E ).
DISCUSSION
This study found that both longitudinal and radial GM increase CWS, WSSG, and OSI, but decrease WSS. These mechanical parameters may contribute to the underlying mechanisms for the significantly increased clinical adverse events associated with GM. For example, the STLLR trial found a strong association between GM and MI rates and there was a threefold increase in GM (2.4% vs. 0.8%). For stent thrombosis, there was a 50% increase in GM (1.2% vs. 0.8%) 1 yr poststenting. For RGM, clinical trials showed that stent oversizing was associated with increased TVR, MI, and impaired myocardial perfusion (16, 30) . A greater propensity for disruptions of plaque associated with oversizing may also lead to increased distal microembolization (16) .
The current study provides quantifications of the effects of fluid and solid stresses that can be correlated with clinical data as detailed below. Longitudinal GM resulted in ϳ45% increase in CWS (Fig. 2) . The reason for the stress increase is due to the asymmetrical and uneven stent deployment. The stresses are highest at the contact area between the plaque and stent. This region may be most vulnerable to plaque remodeling and enlargement. Because we previously simulated the effects of stent oversizing (RGM) on CWS, the current study focused on LGM, and LGM in the presence of RGM (Fig. 3) (8) . The present study focused on various LGM cases because LGM is the predominant form of GM.
LGM also led to lower WSS and higher WSSG and OSI (Fig. 5) . The STLLR trial found that the TLR and MI rates in patients without LGM were about 59% and 67% lower, respectively, than patients with GM. The increase in CWS and WSSG and decrease in WSS are potentially key culprits for the increased adverse clinical events in GM. In addition, nonuniform WSS has been found to contribute to cell migration and differentiation (22) . The stent struts lower WSS and create unsmooth distribution of WSS, thereby elevating WSSG, which has been found to expand intracellular gap junctions and disrupt intracellular junctions, making the vessel wall more vulnerable to the infiltration of inflammatory cells and lipids (36) . GM, especially RGM, resulted in higher OSI, a measure of the extent of oscillatory behavior of flow, which has been found to promote pathological processes in arteries. The oscillatory shear and associated reversed flow were found to reduce nitric oxide, which may lead to endothelial dysfunction and platelet adhesion (20, 23) .
The current study also found that negative residual stenosis (RGM) resulted in lower WSS and higher WSSG, OSI, and intramural CWS (Figs. 3 and 6) . In a clinical trial of 748 patients, Gibson et al. initially hypothesized that negative residual stenosis (RGM) may be associated with improved outcome (16) . The trial found that stent oversizing, however, was associated with impaired myocardial perfusion (16). The incidence of abnormal flow in patients post-percutaneous coronary intervention was 37% higher for the oversizing group. In comparison, our simulation study found that the fluid shear was 35% less with oversizing. The findings by Gibson et al. were consistent with another clinical trial (2,157 patients treated with stents) that showed stent oversizing was associated with more extensive intimal hyperplasia and in-stent restenosis (30) . It was found that the maximum area restenosis of 20% vs. 10% stent oversizing was 36% higher. In comparison, our simulation study found that the intramural stress for 20% vs. 10% stent oversizing was 33% higher. On the basis of these clinical data, the simulations are remarkably consistent with clinical finding.
RGM creates higher intramural stresses in the vessel wall where solid wall stresses are known stimuli for inflammatory responses and smooth muscle cell proliferation, and contribute to the atherogenesis process (5, 8, 15, 18) . Additionally, the higher intramural stress can potentially cause plaque cracking and fracture, leading to thrombosis due to platelet deposition at the fissure.
Implications for stent fractures. There has been increasing awareness of stent fractures, especially in the DES era (9, 26) . Because angiography has limited resolution to detect cracks and fractures, there has been under-recognition of stent fractures (1, 25) . The current simulations found that RGM resulted in much higher stresses on the struts, especially the links that had the highest stress of about 180 MPa in RGM (circled in Fig. 4) , not far below the 210 MPa fatigue fracture stress of the stent. Fatigue fracture does not imply that the stent would fracture immediately, but rather may fracture after a period of time from a few days to months. Therefore the links are much more vulnerable to fatigue fracture in RGM. For example, Hoshi et al. reported that mechanical stress was the cause for the coronary stent fracture observed in their study (17) . As shown in histology studies, the fractures often occurred at the links rather than at the main struts (25) . This was true for various degrees of fractures from partial limited fractures to complete separation and split of the struts. The autopsy study also found 29% of stents implanted had fractures, which is much higher than reported clinically (25) . Additionally, Park et al. found that stent fractures were associated with higher TLR and MI rates (26). More cases of Cypher stent fractures have been reported. The Cypher design features long intersinusoidal linker segments that may be more susceptible to fractures. The higher detected incidences have been attributed to the Sirolimus eluting stent being more radiopaque (easier to detect on angiogram) (1, 32, 37) . Because an angiogram is a 2-D projection, it is easy to miss fracture on the other side of the stent. The recent autopsy study found that the Cypher stent indeed had a higher incidence of stent fracture (64%), although other stents are not immune. Thirty-six percent of fractured stents were found to be the Taxus stent (25) . The overlapping stents were also found to be more susceptible to fractures because higher stresses can result when the struts of the two stents contact each other. It has also been reported that DES stents have higher incidences of stent fractures (9, 37) . The present simulations in conjunction with fatigue testing can lead to improved designs and reduced failure. Because the intent was to examine the maximum stresses in the struts to determine whether it is near the fatigue fracture stress, RGM in combination with LGM (as in Fig. 3 ) was simulated. Although the maximum stress was still below the fatigue fracture stress, it was not far below (180 vs. 210 MPa).
Potential GM effects on DES. It is important to note that the stents used in the STLLR trial were DES (13) , and hence the mechanical pertubations associated with GM apply to DES. Indeed, the authors of the STLLR report suggested that the lack of intimal hyperplasia in patients treated with DES likely contributed to a false sense of security that percutaneous coronary intervention technique would no longer affect clinical outcomes (13) . It has been found that stent fatigue fracture is a more significant problem for DES (2, 28) . In bare metal stents, the stent struts may become embedded in a thick layer of intimal hyperplasia, which can prevent the struts from fractures. For DES when intimal hyperplasia is largely inhibited over a longer period of time, the struts are not embedded in intimal hyperplasia and thus are more vulnerable to fatigue fracture.
The absence of intimal hyperplasia to cover the struts of DES also affects the fluid shear stress where the low WSS caused by the struts may persist for months and possibly years, which can predispose the stented region to stent thrombosis. It was found that DES caused incomplete re-endothelization, which predisposes to late thrombosis (12, 19, 24, 35) . Additionally, DES are believed to be antihealing and inhibit both smooth muscle cells and endothelium (29, 35) . The latter can make the vessel wall more vulnerable to the infiltration of low density lipoprotein and inflammatory cells (19) . In conjunction, low and oscillatory shear increases the residence time for low density lipoprotein and inflammatory cells (20, 23) . In addition, high WSSG opens cell gap junctions for the infiltration of these cells (36) . The combination of low shear, high WSSG and OSI, and compromised endothelium may potentially worsen the progression of plaque in the long term. Therefore it is important to have optimal stent sizing and positioning to Fig. 6 . A-C: WSS at the stented region and around the plaque (arrows) was lower in radial geographical miss (RGM) (A) than non-RGM (B) stents. WSS is measured in dyn/cm 2 . WSSG (D) and OSI (E) at the stented region and around the plaque were higher in RGM stents compared with non-RGM stents. WSSG is measured in dyn/cm 3 ; OSI is measured in %.
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Impact of Geographic Miss on Coronary Mechanics • Chen HY et al. minimize these negative effects. Interestingly, a recent clinical study found that intravascular ultrasound-guided DES implantation was associated with significantly fewer deaths and MIs at 1 yr (3.3% vs. 6.5%) and 2 yrs (5.0% vs. 8.8%) (11) . In the STLLR trial and a substudy, the RGM lumped together both oversizing and undersizing, whereas the current study focused on oversizing because it is the most common mis-sizing cases in clinical practice (13, 34) . Two independent clinical trials performed by Gibson et al. (16) and Sick et al. (30) both found that stent oversizing was associated with increased TVR. For LGM, the STLLR trial also included cases that had balloon protrusions beyond either the proximal or distal edge of the stent. These cases had balloon injury areas uncovered by the stents. It was found that balloon injuries also contribute to the increase in TLR rates (13) .
Limitations. First, stent tapering was not considered in the current model, although that is unlikely to be clinically significant. Second, prolapse of tissue between struts was not modeled, which may influence intrastrut WSS. This effect is not expected to be as significant as the effect of stent struts. Third, although the present mechanical findings are relevant to both bare metal and drug-eluting stents, the kinetics and transport of drug elution were not simulated and are not expected to affect the mechanical conclusions. Fourth, an idealized plaque geometry was assumed in the current study. There are numerous variations of plaque geometry and components (lipid pools, calcifications, etc.). The purpose of the current study was to provide an overall trend for patients with GM rather than to study a particular patient-specific case. Asymmetric lipid pool in eccentric plaques was found by Loree et al. to induce local stress concentrations (22) . This is especially relevant for studies of vulnerable plaque and potential plaque rupture, which are beyond the scope of the current study. Our simulations of symmetric plaque represents an average stress lower than that observed in eccentric plaque. Hence, the conclusions of the current study will not be affected by more complex plaques, albeit the absolute numerical results are likely to be higher. Fifth, the cyclic motion of cardiac muscle was not considered. The contractions and bending of the arteries and stents may affect the local mechanics. Finally, the current simulation study is hypothesis-generating, and future experimental and clinical studies are needed to further verify the stipulated hypotheses. We previously published a validation study in swine animal experiments demonstrating that stent mis-sizing (RGM) promotes intimal hyperplasia, which correlated significantly with lower fluid WSS and higher intramural wall stress (8) .
Significance. These findings shed light on the potential underlying mechanism of the higher clinical adverse events associated with mis-sizing and mis-positioning and offer an opportunity for improved stent deployment via more accurate stent positioning and sizing. The occurrence of GM is operatordependent and can be improved by the development of procedural guidelines and the use of latest vessel sizing technologies. The current model predictions of solid and fluid mechanics correlated well with findings of large clinical trials using DES (13, 16, 30) . The lack of remodeling and hyperplasia in DES is likely to make the adverse solid and fluid effects after stent implantation much more persistent. Additionally, the lack of intimal hyperplasia makes the stents more vulnerable to fracture and thrombosis, a more significant problem in the DES era. (1, 17, 25, 28) . A potential benefit of these simulations is in design optimization of stents. For example, the finding that the links between struts are the most vulnerable to fracture suggests that a design feature requires further optimization. The geometric models in the current study were created using a 3-D computer-assisted design software based on parametric model construction. Design optimizations are possible using parametric software such as Pro-Engineer and an optimization package. Future studies in this direction are warranted.
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